Addition of cell walls to the peptidoglycan synthetase-acceptor system containing vancomycin (50 ,g/ml) prevented the inhibition by the antibiotic. In addition, the inhibition of incorporation of ['4C]muramyl-pentapeptide into peptidoglycan in the presence of vancomycin was reversed by the addition of cell walls to the assay mixture at 60 min. Cell walls previously saturated with vancomycin lost their ability to reverse the inhibition by the antibiotic. The inhibition of peptidoglycan synthesis by ristocetin was partially reversed by the addition of cell walls. The initial stage in peptidoglycan synthesis is catalyzed by phospho-N-acetyl(NAc)muramyl-pentapeptide translocase (uridine 5'-phosphate) according to the reaction:
Durham (5) proposed that adsorption of vancomycin to acidic groups on the cell wall could inhibit the addition of new cell wall components to the existing peptidoglycan. The inhibition of teichoic acid biosynthesis by vancomycin in Bacillus subtilis and Bacillus licheniformis has been reported by Burger and Glaser (7) . In 1965, Jordan (13) found that the inhibition of cell wall synthesis by vancomycin occurs earlier than that of membrane biosynthesis. It was concluded that the primary effect of vancomycin in intact cells of staphylococci is an inhibition of wall peptidoglycan synthesis and that inhibition of membrane biosynthesis is a secondary effect. Anderson et al.
(1-3) established that peptidoglycan synthetase is effectively inhibited by both vancomycin and ristocetin. Moreover, vancomycin also affects discovered an additional nucleotide in which vancomycin is bound to UDP-NAc-muramylpentapeptide when S. aureus, Micrococcus lysodeikticus, and Corynebacterium poinsettiae are grown in the presence of the antibiotic. Recently, these investigators (9) reported that the vancomycin-nucleotide compound causes a greater inhibition of peptidoglycan formation in cell-free systems than a corresponding amount of free vancomycin. It was suggested that the nucleotide-vancomycin adduct may be a necessary intermediate for the function of the antibiotic (9) .
Thus, there are a multiplicity of action sites for vancomycin. Inhibition at one or more of these sites could lead to the observed accumulation of UJDP-NAc-muramyl-pentapeptide and inhibition of peptidoglycan synthesis. This investigation was undertaken to establish which component, the peptidoglycan synthetase-acceptor system or the cell wall, has the higher affinity for vancomycin. A study of UDP
-ala were prepared as previously described (16) and by the procedure of Stickgold and Neuhaus (25) . Enzyme preparations. The preparation of phosphoNAc-muramyl-pentapeptide translocase from S. aureus Copenhagen has been previously described (24) . The membrane preparation which catalyzes the synthesis of peptidoglycan was isolated from M. lysodeikticus (ATCC 4698). The bacteria were grown at 37 C with shaking for 24 hr in medium containing 1% glucose, 0.5% K2HPO4, 1% yeast extract, 1% peptone, and 1%G of a salt solution containing 4% MgSO4 7H20, 0.2% FeSO4 -7H20, 0.16% MnSO4, and 0.2% NaCl (4) . The 1 M KCI. The cells were disrupted according to the procedure described by Struve et al. (25) . The cell walls and unbroken cells were removed at 4,340 X g for 30 min, and the particulate enzyme fraction was sedimented by centrifugation at 144,000 X g for 30 min. The sediment was suspended in 0.005 M Trischloride (pH 7.8) containing 1 M KCI, and the centrifugation between 4,340 X g for 30 min and 144,000 X g for 30 min was repeated four times. The final precipitate was suspended in three times its weight of 0.005 M Tris-chloride (pH 7.8) containing 1 M KCI. The enzyme preparation was stored at -196 C.
Cell wall isolation. Cell walls from S. aureus Copenhagen were prepared according to the method previously described (24) . For the preparation of cell walls from M. lysodeikticus, the cells were disrupted as described above. Unbroken cells and cell walls were sedimented at 12,000 X g for 30 min. The sediment was suspended in 0.005 M Tris-chloride (pH 7.8) containing 1 M KCl and centrifuged at 3,000 X g for 30 min. The supernatant fraction containing the cell walls was centrifuged at 12,000 X g for 10 min. The walls were washed three times with the above buffer containing 1 M KCl. The final precipitate (5.8 g, wet weight) was suspended in 18 ml of 0.005 M Trischloride (pH 7.8).
The purity of the cell walls was established by analyzing for amino acids, yellow pigmentation, and nucleic acid (18) . For amino acid analysis, 0.7 mg (dry weight) of the walls was hydrolyzed in 0. Table 2 . The incorporation of NAc-muramyl-pentapeptide was dependent on a divalent cation, UDP-NAcglucosamine, and membrane fragments. Neither ATP nor glycine or the combination enhanced the formation of product with the enzyme preparation from M. lysodeikticus. The addition of lysozyme to the incubation markedly inhibited the incorporation of radioactivity from UDPNAc-muramyl-pentapeptide into peptidoglycan. These results essentially confirmed those reported by Anderson et al. (3) . Since Mn2+ was a more effective activator than Mg2+ at low concentrations ( Fig. 1) , 0.01 M Mn2+ was used in the routine assay for peptidoglycan synthesis. The kinetics of incorporation into peptidoglycan were compared with the formation of the lipid inter- 
]ala (7.5 X 103 counts/min per nanomole), and 1.1 mg of enzyme preparation in a total volume of 0.01 ml. The mixture was incubated for 3 hr at 25 C. The reaction was terminated by placing the tubes in a boiling-water bath. The standard assay was used with 1.4 mg ofmembran2es.
mediate (Fig. 2) . The structure of the lipid intermediate has been established as lipid-diphosphatedisaccharide-pentapeptide where the lipid moiety is a C55-isoprenoid alcohol (12) . The reactions for the synthesis of peptidoglycan are summarized in the discussion. The addition of UMP to the incubation mixture decreased the synthesis of peptidoglycan by inhibiting the first reaction, phospho-NAc-muramyl-pentapeptide translocase (24) . Effect of antibiotics on peptidoglycan synthesis. The inhibition of peptidoglycan synthesis in membrane preparations from S. aureus Copenhagen by vancomycin, ristocetin, and bacitracin (Fig. 3) . When cell walls were added after z 1 hr to an assay mixture containing vancomycin, BACITRACIN the rate of incorporation was restored in propor-0w tion to the amount of cell walls that were added (Fig. 5A ). For example, in the presence of 0.70 mg of cell walls, the velocity in the system con- 
Downloaded from
The effect of increasing amounts of vancomycin on the translocase is shown in Fig. 6A . With increasing levels of cell walls, the concentration required for maximal stimulation was shifted toward higher concentrations of the antibiotic. At a cell wall concentration of 1.5 mg/0.1 ml, the inhibitory and stimulatory effects of vancomycin were prevented. Vancomycin at low concentrations was observed to enhance the transfer assay (Fig. 6A) . In contrast, low levels of the antibiotic inhibited the exchange assay (Fig. 6B) .
For example, 60 ,ug of vancomycin per ml inhibited the rate of exchange by 50%. Addition of cell walls restored the exchange of UMP with the UMP moiety of UDP-NAc-muramyl-pentapeptide.
Adsorption of vancomycin and ristocetin to cell walls. Best and Durham (5, 6) described the adsorption of these antibiotics to cell walls isolated from B. subtilis. It was concluded that electrostatic interaction between acidic groups on the wall and basic groups on the antibiotic were involved. Mg'+ and other cations competed with the antibiotic for the binding sites on the wall (5).
To correlate the reversal of inhibition with the extent of binding, adsorption of ristocetin and vancomycin to walls of M. lysodeikticus was measured. Since divalent cations (Mn2+) were present in the assay mixtures for peptidoglycan synthesis, the adsorption of antibiotic was measured in the presence and absence of Mn2+ (0.01 M) .
With vancomycin (Fig. 7A) , 95% of the antibiotic was adsorbed in the absence of Mn2+, whereas in the presence of 0.01 M Mn2+, 82% of the antibiotic was adsorbed from the assay mixture. The concentrations of cell walls required for half-maximal adsorption of 1,000 jAg of ancomycin were 0.28 and 0.68 mg/ml in the absence and presence of 0.01 M Mn2+, respectively. With ristocetin (Fig. 7B) , 83% of the antibiotic was adsorbed in the absence of Mn2+, whereas in the presence of 0.01 M Mn2+, 62% of the antibiotic was adsorbed from the assay mixture. The concentration of cell walls required for halfmaximal adsorption of 500 Mug of ristocetin was 0.23 and 2.94 mg/ml in the absence and presence of 0.01 M Mn2+, respectively.
DISCUSSION
The elucidation of the enzymatic reactions (Fig. 8) involved in the synthesis of peptidoglycan has provided additional loci for testing the action of vancomycin and ristocetin. Strominger and co-workers (1-3) concluded that the last step in the cycle, transfer of the modified disaccharidehexapeptide dimer from the lipid carrier to the membrane acceptor, is the component most sensitive to ristocetin and vancomycin in M. lysodeikticus. The nature of the terminal acceptor associated with the membrane has not been established. Jordan and Reynolds (14) suggested that the in vitro experiments of Strominger and co-workers will not distinguish between the inhibition of peptidoglycan synthetase itself and the blockage of addition sites on the acceptor associated with the membrane.
The effective binding of vancomycin and ristocetin to the wall as described by Best (15) the membrane after the available sites on the cell wall have been saturated. Thus, the experiments presented in this paper were initiated in an attempt to establish whether the peptidoglycan synthetase-acceptor system or the cell wall has the higher affinity for vancomycin. In addition to peptidoglycan synthetase, the initial enzyme of the cycle, phospho-NAcmuramyl-pentapeptide translocase, has been tested for the reversal of the effects by vancomycin.
The addition of cell walls to an incubation mixture containing vancomycin prevented the inhibition of incorporation of NAc-muramyl-['4C]pentapeptide into peptidoglycan. In the case of ristocetin and bacitracin, the inhibition was partially prevented. Moreover, if cell walls were added at 60 min to an incubation mixture ACnine containing vancomycin, the inhibition of incorporation was reversed. The extent of reversal was dependent on the concentration of cell walls added to the incubation. Thus, cell walls appear to have a higher affinity for vancomycin than does the peptidoglycan synthetase-acceptor system associated with the membranes. Although the concentration of walls required for reversal appears high (7 mg/ml), it must be emphasized that a higher concentration of membranes (11 mg/ml) must be incorporated into the incubation mixture to observe the activity of peptidoglycan synthetase. On a percentage of dry weight comparison, the ratio of wall to membrane in M. lysodeikticus is approximately one (18, 19) . Thus, the concentration of walls that were added to an incubation mixture to observe reversal of the antibiotic effects is not excessive. 
